
ality of epitope presentation as the key factor in
the rapid and selective differentiation of cells
into neurons. An average-sized nanofiber in the
network contains an estimated 7.1 � 1014

IKVAV epitopes/cm2. By contrast, closely
packed laminin protein molecules in a two-di-
mensional lattice on a solid substrate have an
estimated 7.5 � 1011 IKVAV epitopes/cm2 (22).
Thus, the IKVAV nanofibers of the network could
amplify the epitope density relative to a lami-
nin monolayer by roughly a factor of 103 (22).

The self-assembly of the scaffold studied
here can also be triggered by injection of peptide
amphiphile solutions into tissue. We injected 10
to 80 �l of 1 wt % peptide amphiphile solutions
into freshly enucleated rat eye preparations and
in vivo into rat spinal cords following a laminec-
tomy to expose the cord (22). Thus, these peptide
amphiphile solutions can indeed be transformed
into a solid scaffold upon contact with tissues.
This process localizes the network in tissue
and prevents passive diffusion of the mole-
cules away from the epicenter of an injec-
tion site. Furthermore, it is known that ani-
mals survive for prolonged periods after in-
jections of the peptide amphiphile solutions
into the spinal cord, a finding of relevance to
the present study.
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Carbon and Nitrogen Isotopic
Anomalies in an Anhydrous
Interplanetary Dust Particle
Christine Floss,1* Frank J. Stadermann,1 John Bradley,2

Zu Rong Dai,2 Saša Bajt,2 Giles Graham2

Because hydrogen and nitrogen isotopic anomalies in interplanetary dust par-
ticles have been associated with carbonaceous material, the lack of similar
anomalies in carbon has been a major conundrum. We report here the presence
of a 13C depletion associated with a 15N enrichment in an anhydrous inter-
planetary dust particle. Our observations suggest that the anomalies are carried
by heteroatomic organic compounds. Theoretical models indicate that low-
temperature formation of organic compounds in cold interstellar molecular
clouds can produce carbon and nitrogen fractionations, but it remains to be seen
whether the specific effects observed here can be reproduced.

Interstellar molecular clouds are the principal
formation sites of organic matter in the Milky
Way galaxy. A variety of simple molecules,
such as CH4, CH3OH, and H2CO, are pro-
duced in dense cold (10 to 30 K) clouds (1).
At such low temperatures, where the differ-

ence in chemical binding energy exceeds
thermal energy, mass fractionation produces
molecules with isotopic ratios that can be
anomalous relative to terrestrial values (1–3).
Such anomalous ratios potentially provide a
fingerprint for abiotic interstellar organic
matter that was incorporated into the solar
system and survives today in cosmically
primitive materials such as interplanetary
dust particles (IDPs).

IDPs collected in Earth’s stratosphere
are complex assemblages of primitive solar
system material and carry various isotopic
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anomalies (2, 4, 5). Deuterium enhance-
ments result from extreme chemical frac-
tionation in cold molecular clouds (6 ), and
D/H ratios in some IDPs approach the val-
ues observed in interstellar molecules (7 ),
suggesting the intact survival of some mo-
lecular cloud material. Nitrogen isotopic
anomalies, in the form of 15N enrichments,
are also common and are postulated to
result from low-temperature interstellar
chemistry (2, 8). This origin is complicated
because N isotopic fractionation has not
been observed in the interstellar medium
and because anomalous N can also have a
nucleosynthetic origin. However, recent
work shows that chemical reactions in
dense molecular gases can produce elevat-
ed 15N/14N ratios (9, 10), although the max-
imum enhancements fall short of observed
15N enrichments in IDPs (11, 12). Organic
compounds appear to be the source of many
of the D and 15N enrichments (13–15); it is
puzzling, therefore, that C isotopic anoma-
lies have not been observed, despite numer-
ous measurements (5).

We carried out simultaneous C and N
isotopic imaging measurements of an anhy-
drous noncluster particle (L2036-G16), using
the NanoSIMS, a new generation secondary
ion mass spectrometer that allows isotopic
imaging at a spatial scale of 100 nm. The
particle, nicknamed Benavente (16), was
pressed into a high-purity Au substrate along
with isotopic standards, which were mea-
sured together with the IDP on the same
sample mount (17). The bulk C isotopic com-
position of Benavente is normal, with a 12C/
13C ratio of 89.3 � 1.0 (�13C � �8 � 11‰),
but the IDP is enriched in 15N, with an aver-
age 14N/15N ratio of 224.3 � 1.7 (�15N �
�213 � 9‰). Benavente also contains a
large (0.6 � 1.8 �m2) region that is strongly
enriched in 15N (14N/15N � 119.8 � 1.3;
�15N � �1270 � 25‰) and depleted in 13C
(12C/13C � 96.6 � 1.3; �13C � –70 � 13‰)
(Fig. 1) (18). Although the 13C depletion is
not great, its importance is emphasized by the
large size of the region and its association
with the 15N enrichment (Fig. 2) (19). Fur-
thermore, both anomalies are consistently
present in the 25 successively measured lay-
ers. Several studies (20–22) indicate a solar N
isotopic composition that is �30% lighter
than the terrestrial one. Thus, the 15N enrich-
ments in Benavente relative to solar compo-
sition may be considerably higher than the
values noted here. Moreover, recent work
(23) suggests that solar C may be �10%
lighter than terrestrial C, a value that is sim-
ilar to the magnitude of the 13C depletion in
our anomalous region.

In addition to isotopic information, our
analysis provides clues to the nature of the
carrier phase(s) of the C and N anomaly in
Benavente. The anomalous region has a high-

er C– yield than most of the IDP and a
CN–/C– ratio of �0.9, suggesting that the C
and N anomalies are carried by organic mat-
ter. If this material is carbonaceous, the cal-
ibration curve of CN–/C– ratios versus N
concentrations in organic material established
by (24) suggests a N concentration of �3.0 �
1.5 weight % (wt %). This is at the upper end
of the range of N concentrations of insoluble
organic matter in carbonaceous chondrites
(15) and falls within the field observed for
CHON grains from comet Halley (25). Re-
cent measurements of the 14N/15N ratios of
the CN radical in the coma of two comets
give a value of 140 � 30 (26), within errors
the same as that of the 14N/15N ratio of our
anomalous region.

Using a focused ion beam (FIB) tech-
nique (27 ), we extracted a section (�5 by 1
by 0.1 �m) from an area about 5 �m from
the anomalous region. This area has lower
C– and CN– signals than the anomalous
region, and C and N isotopic compositions
similar to the bulk IDP. Using a transmis-
sion electron microscope (TEM), we em-
ployed energy-filtered imaging to investi-
gate the mineralogy of the section (17 ).
The region is rich in GEMS (glass with
embedded metal and sulfides) (28) and also
contains forsterite (Mg2SiO4), iron-rich
sulfides (pyrrhotite, Fe1–xS), and abundant
amorphous carbonaceous material that is

clumped into distinct regions and coats
some grains, such as the GEMS.

After the TEM investigation, we
mapped the C and N isotopic compositions
in the FIB slice with the NanoSIMS and
reconfirmed the 15N enrichment of �200
‰ observed in the bulk IDP. Moreover, we
found a 250-nm region with a strong 15N
enrichment of �1110 � 98‰ that was not
seen in the original NanoSIMS measure-
ment because it is located below the origi-
nal surface of the IDP. Spatial correlation
of this anomaly with the TEM images (Fig.
3) shows that it consists of amorphous
carbonaceous material immediately sur-
rounded by GEMS and other silicates. In-
frared (IR) spectra (17 ) show a prominent
C-H stretch feature at �3.4 �m (Fig. 4),
similar to that observed in meteoritic kero-
gen (4 ). The positions of the bands within
the feature are consistent with those of
aliphatic hydrocarbons, confirming the or-
ganic nature of carbonaceous material. Ar-
omatic hydrocarbons are likely to be
present too, but are probably dominated by
the strong resonance of the aliphatic C-H
feature. Nitrogen abundances in the FIB
section are low (1 to 2 wt %, based on
electron energy loss spectroscopy), but the
N is associated with the carbonaceous ma-
terial and, thus, has an organic origin. No
other elements are associated with the N

Fig. 1. Isotopic composition of
the anomalous region compared
with similar-sized areas of
Benavente. Nitrogen isotopic
compositions spread toward
subterrestrial ratios in the “bulk”
of the particle, indicating an
overall enrichment in 15N.

Fig. 2. �15N (left) and �13C (right) images of Benavente showing the 15N-enriched and 13C-
depleted anomalous region. Field of view is 10 �m.
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that might indicate the presence of a differ-
ent carrier phase. The 15N-rich region in the
FIB slice is not 13C-depleted (probably
because of the small size of the area,
leading to dilution effects from surrounding
isotopically normal C), but the similarity of
the magnitude of the N anomaly to that of
the C- and N-anomalous region (and the
proximity of the FIB slice to the original
anomalous area) suggests that the same
type of amorphous carbon is the carrier of
the correlated C and N anomaly. Although
presolar graphite in meteorites is 15N-
enriched and 13C-depleted (29), it is unlike-
ly to be the carrier phase of the C and N
anomaly in Benavente: Our TEM and spec-
troscopic work shows that only amorphous
carbon is present in this IDP. Moreover, in
contrast to carbonaceous chondrites, gra-
phitic carbon is conspicuously absent from
chondritic IDPs (4, 30).

Without C isotopic anomalies, it is not
possible to distinguish whether the carbona-
ceous material in IDPs is itself presolar or

simply a more “recent” (e.g., solar system)
host substrate for presolar D and 15N-
enriched species. Previous studies have sug-
gested that some IDPs contain carbon com-
pounds with heteroatoms (e.g., N in –CN
attached to aromatic chromophores) (31), but
without correlated C and N isotopic data, the
origin of such molecules has remained uncer-
tain (13, 31, 32). Our observation of associ-
ated C and N anomalies establishes that IDPs
contain heteroatomic organic compounds of
presolar interstellar origin that are more com-
plex than the simple deuterated compounds
implied by earlier measurements (7). During
its prebiotic period, Earth may have ac-
creted as much as a centimeter of abiotic
carbonaceous matter every million years,
much of it settling to the surface within
small (�25 �m diameter), high-surface-
area IDPs (33–35). This constant flux of
particulate organic matter continues to be
delivered to the surfaces of terrestrial plan-
ets today and includes interstellar mole-
cules such as those found in Benavente.

Gas-phase reactions are expected to pro-
duce C isotopic fractionations, but different
processes produce fractionation effects in op-
posite directions (1, 36–38). Thus, it has been
suggested that the lack of C isotopic anoma-
lies in IDPs is due to the existence of multiple
reaction pathways that cancel out any anom-
alies produced (1, 38). Others have suggested
that isotopic fractionation in C is inhibited
through the condensation of CO onto grain
surfaces and its participation in grain chem-
istry (2, 5). Our observation of a 13C deple-
tion associated with a 15N enrichment in
Benavente shows that C isotopic fraction-
ation does occur and requires processes that
can produce both effects in the same material.

Gas-phase ion-molecule reactions can en-
hance the 12C/13C ratios of organic species
(36, 37) to the level observed in Benavente,
but whether these reactions also result in
depleted 14N/15N ratios has not been studied.
Low-temperature interstellar chemistry as
the source of the 15N enrichments seen in
IDPs has only recently been investigated
theoretically. A study of ion-molecule ex-
change reactions involving the most abundant
N-bearing species in interstellar clouds (9)
indicated a maximum enhancement in 15N of
�250‰. Another recent model, investigating
NH3 formation in dense molecular clouds,
suggests a maximum enrichment of �800‰
(10). These models are consistent with the
modest enrichment in 15N seen in the bulk
IDP but fall short of the values needed to
account for the �1270‰ enrichment in 15N
observed in the anomalous region. Moreover,
it is not clear whether 15N-rich ammonia can
pass on its anomalous N to the organic hosts
thought to be responsible for N isotopic
anomalies in IDPs. If future investigations
of interstellar chemistry cannot account for
the C and N isotopic fractionations ob-
served in IDPs, circumstellar origins may
need to be considered.
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14. J. Aléon, F. Robert, M. Chaussidon, B. Marty, C. En-

grand, Lunar Planet. Sci. 33, 1397 (2002).
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Legionella Effectors That Promote
Nonlytic Release from Protozoa
John Chen,1 Karim Suwwan de Felipe,2 Margaret Clarke,3

Hao Lu,3 O. Roger Anderson,4 Gil Segal,5 Howard A. Shuman1*

Legionella pneumophila, the bacterial agent of legionnaires’ disease, replicates
intracellularly within a specialized vacuole of mammalian and protozoan host
cells. Little is known about the specialized vacuole except that the Icm/Dot type
IV secretion system is essential for its formation and maintenance. The Le-
gionella genome database contains two open reading frames encoding polypep-
tides (LepA and LepB) with predicted coiled-coil regions and weak homology to
SNAREs; these are delivered to host cells by an Icm/Dot–dependentmechanism.
Analysis of mutant strains suggests that the Lep proteins may enable the
Legionella to commandeer a protozoan exocytic pathway for dissemination of
the pathogen.

Several intracellular pathogens including Le-
gionella pneumophila, Mycobacterium avium
(1), Chlamydia spp. (2), and Francisella tu-
larensis (3) are able to replicate within pro-
tozoan trophozoites. Thus, free-living amoe-
bae may serve as a significant reservoir for
pathogens in the environment, perhaps even
as a “training environment” for the selection
of virulence-related traits in these pathogens
(4). L. pneumophila, the causative agent of
legionnaires’ disease, is frequently detected

in association with Hartmanella vermiformis
at the sources of infection during outbreaks
(5). Under experimental conditions, L. pneu-
mophila can multiply within and kill a variety
of phylogenetically unrelated protozoa rang-
ing from Acanthamoeba castellani to the ge-
netically well characterized social amoeba
Dictyostelium discoideum (6, 7).

Intracellular pathogens have evolved three
distinct strategies for surviving phagosome-
lysosome fusion. Two of these mechanisms,
tolerance of the toxic environment and escape
from the phago-lysosome into the cytosol, are
used by a variety of pathogens such as Sal-
monella enterica and Listeria monocyto-
genes, respectively. L. pneumophila and
several other prokaryotic and eukaryotic in-
tracellular pathogens use a third strategy—
prevention of phagosome-lysosome fusion.
After uptake of L. pneumophila by macro-
phages or protozoa, the bacteria are found
within a specialized vacuole that does not
fuse with lysosomes and does not acidify
(8, 9); this allows replication to proceed.
The specialized vacuole associates with en-

doplasmic reticulum (ER)– derived secreto-
ry vesicles (10), mitochondria, and rough
ER (11, 12) and, near the end of the repli-
cative cycle, acquires late endosomal mark-
ers (13). These observations strongly sug-
gest that the bacteria play an active and
continuous role in modulating organelle
trafficking events from within the confines
of their specialized vacuole.

A group of 24 genes called icm (intracel-
lular multiplication) (14) or dot (defect in
organelle trafficking) (15) are required for
intracellular multiplication of L. pneumo-
phila. Sequence similarity between several
Icm/Dot proteins and those of the conjugative
system of IncI plasmids colIb-9 and R64 (16)
indicates that the Icm/Dot proteins form a
type IV secretion system (TFSS) that deliv-
ers effectors to host cells. However, L.
pneumophila mutants lacking the previous-
ly identified RalF or LidA effectors do not
display obvious defects in organelle traf-
ficking or intracellular replication (17, 18).
Because direct biochemical observation of
infected cells has not led to the identifica-
tion of additional effectors in L. pneumo-
phila, we searched the genome sequence
database for candidate genes.

As the modulation of organelle trafficking
events appears to be important during intracel-
lular multiplication, we looked for L. pneumo-
phila effectors that resemble components of the
SNARE system (19) and that might somehow
disable or alter its function. Two such open
reading frames (ORFs) were identified. Both
exhibit limited sequence similarity to mamma-
lian EEA1 and yeast USO1, proteins known to
be involved in vesicle trafficking. Both Legio-
nella ORFs are predicted to encode large re-
gions of 
-helical coiled-coils, structures
present in EEA1 and USO1 and also commonly
found in SNAREs (table S1).

As there are no functional assays for these
putative effectors, we investigated whether L.
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